Structural relaxation of PMMA networks with distinct crosslink density has been studied by differential scanning calorimetry (DSC). The crosslinking agent used was ethylene glycol dimethacrylate (EGDMA). The experiments were carried out on heating after the samples have been subjected to distinct thermal histories, namely isothermal stages at different temperatures below the glass transition temperature for distinct times and cooling at different rates. These studies revealed a broadening of the glass transition with increasing crosslinking degree due to the constraints imposed by the crosslinks and suggested the presence of crosslink heterogeneity in the networks. A phenomenological model based on the configurational entropy concept was used to simulate the structural relaxation phenomenon and to evaluate the temperature dependence and distribution of the relaxation times of the conformational rearrangements for these networks. The agreement between the experimental results and the simulated thermograms was quite satisfactory.
Introduction
It is well known that below the glass transition temperature (T g ), glass-forming systems undergo a slow relaxation phenomenon, towards the equilibrium state. This physical ageing or structural relaxation process is responsible for changes in several relevant variables in the material, such as enthalpy, volume or mechanical properties [1] [2] [3] . DSC is one of the most frequently used experimental techniques for the study of structural relaxation (see, for example, Refs. [1] [2] [3] and references cited therein), where the property chosen to investigate the process is the enthalpy. The usual procedure is to perform a scan at constant heating rate from a temperature T 1 to a temperature T 2 above T g , with a previously aged sample at a temperature T a . Then a second scan from an unaged state obtained immediately after the cooling stage is a reference for evaluating the effects of ageing at T a . The aged material usually presents a more or less pronounced endothermic peak in the glass transition region.
It has been shown that the main features of the structural relaxation process can be modelled on the basis of a distribution of relaxation times that depends both on the temperature and on the structure of the material represented by the value of the relaxing variable [1, 2, [4] [5] [6] [7] [8] [9] [10] [11] . The comparison between model simulation and experimental results allows to accede to a series of parameters related to the molecular mobility, and it is also possible to obtain the relaxation times of the conformational rearrangements.
The evolution of the enthalpy in response to a thermal history consisting of a series of temperature jumps from T iK1 to T i at time instants t i , followed by isothermal stages is given by:
where DC p (T)ZC pl (T)KC pg (T) is the configurational heat capacity, the difference between the heat capacity in the equilibrium liquid state and that of the glassy state and x is the reduced time:
The relaxation function f is assumed of the KohlrauschWilliams-Watts type [12] in the most applied models:
So, in all the phenomenological models the two main properties of physical ageing, non-linearity and nonexponentiality are incorporated, but the way in which these aspects are introduced differs between models. Some reviews of the principal phenomenological models of structural relaxation, such as the one proposed by Narayanaswamy [4] and then by Moynihan et al. [5] (the NM model), the Scherer-Hodge (SH) model [7, 8] or the Kovacs-Aklonis-Hutchinson-Ramos (KAHR) model [13] are available in literature [1, 2, 14] and also recent discussions involving this type of models can be found (see for example [15] [16] [17] ). Several works have shown that the NM or SH models fail to reproduce the DSC thermograms measured after different thermal histories using a single set of model parameters [18] [19] [20] [21] . The need of history dependent model parameters contradict the theory assumptions according to which the parameters included in the model equations must be only dependent on the material [18] [19] [20] [21] . A model was proposed by Gómez Ribelles and Monleón Pradas [10, 11] , the SC model, which introduced a new hypothesis related to the state attained at infinite time in the structural relaxation process at a temperature T a . One of the main assumptions of the most well known models is that an amorphous material kept in isothermal conditions in any out-of-equilibrium state would reach at infinite time the equilibrium state. It has been proposed by the SC model that the limit at infinite time of the structural relaxation process could be a metastable state with higher configurational entropy and enthalpy than the equilibrium state obtained by extrapolation. This situation would come from the collapse of the configurational rearrangements when the number of configurations available for the polymer segments attains a certain limit. To introduce this hypothesis, instead of choosing the fictive temperature to characterise the structure of the glass [22] , as usual in this kind of models, the model equations were expressed in terms of the configurational entropy S c [10, 11, [23] [24] [25] [26] [27] [28] [29] :
where S lim c ðTÞ is the configurational entropy in the metastable limit state. In order to describe this function it is necessary to introduce new model parameters, something that in principle is not desirable. To reduce the number of new parameters to a minimum S lim c ðTÞ was defined as shown in Fig. 1a (dotted line) . The change of slope approaching the equilibrium values is gradual, covering a temperature interval of 15 K. The change of slope shown in the sketch of Fig. 1a and determined by the reference temperature T ref , should be to a certain extent coincident with the glass transition temperature interval. In the calculations we will take a value for T ref equal to the glass transition temperature determined from the intersection of the enthalpy lines corresponding to the liquid and glassy states. By this way a single additional parameter dZ DC p ðTÞK DC which needs no further manipulation to be introduced in Eq. (4) . DC lim p ðTÞ, is defined through:
At temperatures above the glass transition region DC lim p ðTÞ ZDC p ðTÞ and S lim c ðTÞZ S eq c ðTÞ; thus, if T* is a temperature above the glass transition region for any temperature T in the glass transition temperature interval or below:
and
where T 2 is the Gibbs-DiMarzio transition temperature [31] . When all the mentioned assumptions are introduced in Eq. (4), a constitutive equation for configurational entropy out of equilibrium results which has, besides the function DC p (T), five parameters: the parameter d already defined, the pre-exponential constant A and the parameter B of the Adam-Gibbs Equation, the Gibbs-DiMarzio temperature T 2 and the exponent b of the KWW equation.
It has been shown in many polymer systems such as chain polymers, polymer networks, liquid crystal polymers, and miscible polymer blends that the model equations are able to fit with a single set of model parameters (thus material parameters) a broad set of thermograms measured after quite different thermal histories (e.g. [10, 11, [23] [24] [25] [26] [27] [28] [29] ). To do that, the values of S lim c ðTÞ must be significantly higher than those of S eq c ðTÞ [10, 11, [23] [24] [25] [26] [27] [28] [29] . In this work the influence of the crosslinking degree on the dynamics of the glass transition of PMMA networks is analysed by DSC and the experimental results are modelled with the SC model. Several recent works have studied the influence of crosslinking degree on the thermal properties, phase separation (as revealed by DSC) and also on the morphology of blends and IPNs [32] [33] [34] [35] [36] . In fact, DSC has proved to be a very useful technique to characterize the heterogeneity and the increase of the temperature interval where the glass transition takes place for multi-component polymeric systems (see, for example, [37, 38] and references cited therein). Moreover, it has been found that the kinetics of the structural relaxation process, closely related to the glass transition, is significantly different in multi-component systems, when compared to the process of the pure components [28, 39, 40] . The influence of the crosslink density on the kinetics of structural relaxation will also be investigated for the PMMA networks.
Experimental section

Synthesis
Crosslinked poly(methyl methacrylates), PMMA, were synthesised by free radical addition polymerisation of methyl methacrylate (Aldrich, 99% pure) using as photoinitiator 0.13% by weight of benzoin (Scharlau, 98% pure). The samples were synthesised between two glass plates to form sheets of approximately 0.5 mm thick. Samples with distinct crosslinking degrees were prepared by adding, respectively, 0.5, 1, 5 and 9%, by weight of ethylene glycol dimethacrylate, EGDMA (Aldrich, 98% pure). The monomer, crosslinking agent and initiator were used as received without further purification. Polymerisation took place at room temperature for 24 h under UV radiation. The low molecular weight substances remaining in the samples after polymerisation were extracted with boiling ethanol for 24 h and then dried in vacuo at 70 8C for several weeks until the weight remained constant. Finally the samples were dried in vacuo at 180 8C for 1 h in order to eliminate possible residues that still remain in the sample. The samples are referred in the text as PMMA0.5, PMMA1, ., where the number after the sample refers to the amount of crosslinking agent.
DSC experiments
The DSC experiments were performed with a DSC7 Perkin Elmer differential scanning calorimeter. The usual calibration procedure of differential scanning calorimeters, based on the melting points of high purity standards was followed prior to the experiments. The temperature of the equipment was calibrated with indium and lead standards and only the same indium sample was used for the heat flow calibration. The calibrations were always performed at the same heating rate of the runs. In addition, the ageing temperature values in the DSC ageing experiments were corrected by performing calibrations at distinct heating rates and using the extrapolated value at zero heating rate for the temperature calibration. The cooling system used was a water bath. Nitrogen was used as a purge gas to improve the temperature control. The baseline correction was also used for all the experiments described in this work. This means that a scan was previously carried out with both furnaces empty and at the same experimental conditions (temperature range and heating rate) of a given experiment and the final result is the subtraction between these two scans.
For each crosslinking degree a single sample, sealed in an aluminium pan (capacityZ50 ml), was used in all DSC experiments. The sample weights were 10.291, 10.390, 10.295 and 10.544 mg for PMMA0.5, PMMA1, PMMA5 and PMMA9, respectively. Thermal histories included coolings at different rates (0.5, 1, 2, 5, 10, 20 and 40 8C/min) for PMMA 0.5, PMMA5 and PMMA9 as well as isothermal annealing stages at several temperatures (T g , T g K5 8C, T g K10 8C, T g K20 8C and T g K35 8C) over different time intervals t a (120, 1260 and 4020 min), for all the samples. For t a Z1260 min some additional experiments were performed for each network in order to better evaluate the enthalpy loss between the aged and unaged states. The measuring scan was carried out during subsequent heating at constant rate, 10 8C/min, from 50 to 180 8C. Several reference experiments, where the measuring scan is carried out after a cooling at 40 8C/min (i.e. t a Z0 min), were performed for each sample. The T g values (calculated from the midpoint of the specific heat capacity increment at the glass transition DC p (T g ) were obtained from several reference scans (i.e., on heating) performed for all the samples and are presented in Table 1 , as well as the DC p (T g ) values.
Results and discussion
Cooling at distinct rates
By looking at Table 1 it can be observed how the increase in the amount of EGDMA from 0.5 to 9 wt% leads to an important increase in w12 8C in the T g value and to a decrease in DC p (T g ) related to the decrease in mobility imposed by the crosslinks. The decrease in DC p (T g ) with crosslink density has been found previously for distinct networks [35, 36, 41, 42] . Fig. 2 shows the heating scans for PMMA0.5 in terms of the normalised heat flow, ðdQ=dtÞ norm Z _ Q norm , i.e. the difference between the heat fluxes supplied to the sample furnace and the reference furnace divided by the sample weight and the rate of the experiment. These experiments were performed after cooling at the rates q c indicated in the graph. The effects of physical ageing resulting from these thermal treatments are almost undetectable, i.e. the expected increase in the peak height as q c decreases is not visible in Fig. 2 . It was only detected a small and extremely broad exothermic peak at the lowest cooling rates (1 and 0.5 8C/ min). For the other two samples (PMMA5 and PMMA9) it was found that the effects of the thermal treatments (not shown) are less pronounced than for PMMA0.5. A comparison between the reference scans of the distinct samples revealed the broadening of the glass transition as the crosslink density increases. A similar shift and broadening of the glass transition with increasing crosslinking degree was already observed by DSC for PMMA crosslinked with the same agent [36] .
From the results shown in Fig. 2 it is possible to calculate the limiting fictive temperature [22] attained in the glassy state after the cooling down process, T 0 f , using either Eq. (9) or (10) for the lowest temperature attained in the cooling process [5] :
This temperature corresponds to the glass transition temperature determined by the intersection point of the enthalpy lines in the equilibrium liquid and the glassy states [5] . Fig. 2 also shows the ln q c vs. 1/T 0 f plot for PMMA0.5 (inset graphics).
Moreover, it was found [43, 44] that the calculation of the T 0 f values after cooling the material at different rates q c from the liquid state permits to obtain the apparent activation energy around T g from DSC measurements, usually called Dh*:
The Dh* values found for PMMA0.5, PMMA5 and PMMA9 by applying Eq. (11) were 533, 772 and 846 kJ/ mol, respectively. So, as the crosslink density is getting higher the apparent activation energy associated to the glass transition increases. DSC can be used to evaluate the fragility of a system. The fragility is related to the magnitude of the decrease in Table 1 Glass transition temperatures (T g ) of the PMMA networks and specific heat capacity increment at the glass transition (DC p (T g )), measured from the DSC heating scans at 10 8C/min. The samples were previously cooled at 40 8C/min. In this 
The m values obtained for PMMA0.5, PMMA5 and PMMA9 are included in Table 1 . The m value for PMMA0.5 is somewhat lower than the one reported in literature for uncrosslinked PMMA (mZ103) [48] , also determined by DSC. However, the use of DSC in the determination of m may lead to great errors, especially in fragile materials, where the variation of T 0 f with q c is less pronounced, introducing significant inaccuracy in Dh* determination (see Eq. (11)). This could be the reason for the difference between the values obtained in this work and the one found by Donth [48] . Nevertheless, these high values indicate that the studied PMMA networks are kinetically fragile systems. The same variation of fragility with crosslinking degree observed in Table 1 was already found in PMMA/EGDMA networks by DMA and creep [49] . As has been recently reported [50] for several polymeric systems there is a good agreement between the fragilities measured by DSC and by mechanical or dielectric spectroscopies. Nevertheless, the DSC values are usually higher than the values obtained by mechanical or dielectric spectroscopies [50] , but this was not observed in the present work.
The thermodynamic fragility may be also evaluated by DSC and in this case it was used for the criterion of the step change on the specific heat capacity DC p at T g . These values can be found in [51, 52] , the PMMA networks can be classified as thermodynamically strong systems. This classification is in agreement with the one found in Ref. [53] for PMMA, although the authors used the (C pl /C pg ) criterion.
Isothermal annealings
The PMMA networks were subjected to different thermal treatments, already described in Section 2. The heating scans obtained after these thermal histories are shown in Figs. 3-6 . A reference scan (t a Z0 s) for each network is also presented in these figures, for the sake of comparison.
The broadening of the glass transition as the crosslink density increases, already mentioned in Section 3.1, can be also observed in these results. The broadening of the glass transition can be due to several factors: a broad distribution of relaxation times, a low apparent activation energy around the glass transition temperature, or the composition heterogeneity of the material as can be the case of polymer blends in which different domains in the material have different composition and thus, different T g . The latter was also observed in PMMA/PMA IPN's highly crosslinked with 10% by weight of EGDMA in which a single but extremely broad glass transition, covering a temperature range of w100 8C was observed [36] . It was also found that the broadening of the glass transition is not symmetric around the glass transition corresponding to the average composition due to the temperature dependence of the length of cooperativity [36] . It is expected that the Table 2. modelling of the DSC results of the PMMA networks can provide more insights about their behaviour.
The effect of the crosslinks on the glass transition dynamics of epoxy resins has also been studied by DSC, and structural relaxation studies were performed [54] . In this particular work the effect of the crosslink length (i.e. the length of the crosslinking agent) on the enthalpy relaxation of these systems was analysed. It was found that the decrease in the crosslink length results in an increase in T g , and a decrease in both DC p and the b KWW parameter. The relaxation process also becomes more cooperative as the crosslink length decreases.
Typically, when the ageing temperature T a is close to T g , the ageing peak overlaps the glass transition. When T a is far below T g , i.e. below the range in which the glass transition occurs, the ageing peak may also appear at temperatures below T g , and has been called as sub-T g peak or pre-peak [55, 56] . The shape and the temperature of the ageing peak strongly depend on both T a and the ageing time t a . In Figs. 3-6, an ageing peak superposed to the glass transition is observed for all the samples at T a ZT g , T a ZT g K5 8C and even at T a ZT g K10 8C. Sub-T g peaks were detected at T a Z T g K20 8C and more clearly at T a ZT g K35 8C. These peaks are at a lower temperature the lower T a is. For a given T a , the effect of t a is the usually observed in this kind of experiments, i.e. the shift of the ageing peak towards higher temperatures and the increase of the peak height as t a increases. Several structural relaxation studies of uncrosslinked PMMA, in which this type of behaviour is reported, can be found in literature (e.g. [29, [57] [58] [59] [60] ).
In Figs. 3-6 it is also observed that, in general, as the crosslinking degree increases the effects of a given thermal treatment are getting less pronounced, due to the decrease of DC p (T g ) and to the constraints imposed by the crosslinks to segmental motion. This is more evident in Fig. 7 , which represents the enthalpy loss between the aged and unaged states DH(t a ) for t a Z1260 min, as a function of T a . DH(t a ) was calculated by applying the following expression:
where C pa KC pr is the difference between the experimental heat capacities of the aged and the unaged sample. The integral is evaluated between T 1 , a temperature low enough in the glassy state and a convenient temperature limit T 2 above T g (in the equilibrium phase). C pa KC pr can be obtained from the heat flux measured in the aged sample (dQ a /dt) and the heat flux of the reference sample (unaged, i.e. t a Z0) (dQ r /dt), correcting for the heating rate, q h , and the mass, m s , as it is shown in Eq. (13) . This kind of plot, presented in Fig. 7 , provides a better picture of the structural relaxation kinetics of the PMMA networks. The presence of an ageing peak after annealing at a given T a reveals that some conformational motions are still possible and this conducts to an approach of the enthalpy, during the isothermal period, towards its equilibrium value.
It can be seen for all the samples, starting from the lowest T a , the increase of the peak height as T a increases, because the approach to equilibrium is faster the higher the temperature is. On the other hand, for a sufficiently high T a , close to the T g value, the rate of the structural relaxation process is high, but the variation of enthalpy produced is small because the material is close to equilibrium during the whole process. A further increase of T a would lead to a value at which there is no difference between the scan measured on the aged sample and the reference scan. This would indicate that at the beginning of the isothermal period the sample was already in equilibrium.
From the previous considerations it can be said that this kind of plots defines a temperature interval in which the conformational rearrangements take place in the glassy state at a significant rate. A recent work [40] shows how the H(t a ) vs. T a representations can be helpful for investigating the conformational mobility, in this case of poly(methyl acrylate-poly(methyl methacrylate) IPN's. In Fig. 7 it is clearly observed a shift of the DH(t a ) vs. T a curves to higher temperatures and also a broadening of the curves as the crosslinking degree increases, i.e. an increase of the temperature range in which the structural relaxation effects are measurable. These observations are obviously related to the increase in the T g value and in the breadth of the glass transition with increasing crosslinking degree, detected in the reference scans. In this figure there are not enough points to define the temperature intervals where the conformational rearrangements in the glassy state occur at significant rate for each network, but it can be said that this interval seems to increase as the crosslinking degree increases. For PMMA0.5 and PMMA1 the temperature of the maximum DH(t a ) is similar, as expected, because both samples have almost the same T g . In these curves the extrapolated value of temperature for DH(t a )/0, i.e. when the ageing effects are not visible at high temperatures, would approximately give the 'end' value of T g . As the curves are not well defined, these values were not calculated.
As referred in [40] , the DH(t a ) vs. T a plot depends on the chosen t a , because the measured values of DH(t a ) increase with increasing t a . In principle, these variations would be small when T a is close to T g and the sample reaches a state very close to the equilibrium during the ageing stage. This would result in a value of DH(t a ) independent of t a for this temperature range. At lower T a , in the temperature range of the maximum DH(t a ) in Fig. 7 , it is expected a linear dependence of DH(t a ) with the logarithm of time in a large time range [61, 62] . Usually, the slope DH(t a ) vs. log t a does not depend on the temperature in this range and changing t a does not alter significantly the temperature of the maximum in Fig. 7 . Off course that the temperature range in which the physical ageing effects are visible extends in the low Table 2. temperature-side as t a increases. However, as the curve has a sigmoidal form, only increasing t a for several decades will conduct to great variations.
Modelling of DSC results
The nine heating scans, presented in Section 3.2 for each network, were fitted with the phenomenological model described in Section 1. In this case the typical linear dependence of DC p with temperature [63] was used for the model calculations. The simulations were conducted for all the samples under the assumption S lim c ðTÞO S eq c ðTÞ, i.e. assuming that the equilibrium state would not be reached. A value of BZ750 J/g was kept constant for all the samples. This value was chosen from preliminary modelling results (not shown); it was the B value that conducted to more realistic A and T g KT 2 values for a typical amorphous polymer. The simulated curves under these assumptions are also shown in Figs. 3-6 . The model parameters found for the PMMA networks are listed in Table 2 .
In general, it can be said that the fits are quite satisfactory for all the samples. Nevertheless, for some conditions the model does not reproduce well the experimental behaviour, e.g. the predicted ageing peak has a higher intensity than the experimental one. This is seen in Figs. 3 and 4 for T a Z83 8C and t a Z4020 min and in Fig. 5 for T a Z85 8C and t a Z 4020 min. This fact can be attributed to the fitting routine, in which the error function to minimise is a sum of the errors in the different curves, where those with highest peaks have stronger influence. Looking at Figs. 3-6 it can also be seen that some of the ageing peaks are broader and have a form that is not the general form observed for a single phase. This is evident for some thermal treatments, e.g. the curves shown in Fig. 4 for T a Z113 8C and t a Z1260 min or in Fig.  5 for T a Z120 8C and t a Z1260 min.
The SC model was developed with the assumption of the existence of a single-phase system. We suggest that the presence of two separate phases, perhaps one of them with higher crosslink density and hence with a higher glass transition temperature, could be the reason for not obtaining better fittings for the PMMA networks. In fact, physical ageing results of uncrosslinked PMMA were already modelled with the SC model [29] and the fittings were much better than the ones corresponding to the networks, which supports the presented argument. Also, a qualitative comparison of the ageing peaks of uncrosslinked PMMA [29] with the ones detected in this work for the networks indicates that the former are narrower than the latter.
One of the open problems in the physics and technology of cross-linked polymers is precisely the characterisation of the micro-or nano-heterogeneity introduced during the network formation: the non-uniform distribution of crosslinks, including the possibility of cross-links agglomerations, broad distribution of chain lengths between cross-links, dangling chains, cyclization, entanglements, etc (see, for instance, [64] [65] [66] ). The increase in crosslink density increases the heterogeneity as well, as discussed in many studies of polymeric networks and gels (e.g. [64, 65, [67] [68] [69] [70] ). This supports the explanation suggested in this work.
The heterogeneous distribution of crosslinks in PMMA/EGDMA networks would mean that, during the polymerisation, slightly crosslinked PMMA regions and highly crosslinked PMMA regions were formed. It has been proposed that the crosslink heterogeneity is directly reflected in the breadth of the glass transition [71] . In this case the increase in the crosslink density results in a broader glass transition as seen in this work and also, for example, in polyurethane networks [32] or vinyl ester networks [35] . However, for some authors [35] it is not clear whether this effect is only a natural consequence of an increased crosslink density, reflecting the variations in the amount and distribution of free volume with crosslinking, or if it is due to the increased crosslink heterogeneity.
It should be pointed that the existence of heterogeneity is very difficult to detect by DSC or by other techniques, without physical ageing studies. In fact, these kinds of studies have revealed the presence of distinct phases and/or the immiscibility of multi-component systems, even when the glass transition temperatures of the phases are close to each other and a single glass transition is identified for the unaged sample [61, 72, 73] . The observation of two differentiated phases in low-crystallinity PET in a previous work [74] , only detected with physical ageing studies, also strengthens the usefulness of such kind of tests.
The b values of the networks are in agreement with the values between 0.30 and 0.33 found in literature by DSC [29, 73] for uncrosslinked PMMA, i.e. they present somewhat lower values as typical for crosslinked systems. It could be expected a larger variation of the b values with increasing crosslinking degree, because the a-relaxation is clearly broader for PMMA9 than for the other samples as shown in Figs. 3-6 . However, as referred before, the breadth of a distribution is not only related with the b value i.e. with a larger distribution of characteristic times, but also with the apparent activation energy of the relaxation (i.e. with its fragility).
A high value of d when compared with the corresponding DC p (T g ), indicates that the limit state of structural relaxation is far from equilibrium. Moreover, entanglements or crosslinks can be associated to the existence of a limit metastable state for structural relaxation [10, 74, 75] . In Ref.
[75] the authors refer that the classical models as the NM or SH, models due to the definition of the equilibrated glass in terms of a thermodynamic extrapolation, overestimate the enthalpy in the ageing process and the SC model, which takes into account the possibility of not reaching the equilibrium, could provide a better description, especially for polymeric systems where topological constraints are important. So, an increase of d/DC p (T g ) with increasing crosslinking degree should be expected. In this case d/DC p (T g ) increases from 27 to 67% when the crosslinking degree increases from 0.5 to 5 wt% but then decreases again to 12% when the crosslinking degree is 9 wt%. For PMMA9 the fittings are not as good as the ones corresponding to the other networks. Perhaps, PMMA9 is such a highly heterogeneous network that the SC model is not adequate to describe its behaviour and this could be the reason for the unexpected decrease of d/DC p (T g ) for PMMA9.
The temperature dependence of the relaxation time was calculated with the model equations for the cooling of the samples at 40 8C/min from equilibrium, using the parameters of Table 2 . These results are shown in Fig. 8 .
In this figure it is seen the change from a VFTH-type behaviour (in the equilibrium state) to an Arrhenius-type behaviour in the glassy state for all the samples, as already observed for PET in a previous work [74] . The equilibrium relaxation times are higher for PMMA9 than for the other networks, reflecting the higher glass transition temperature of this network when compared with the other samples. The relaxation time curves for PMMA0.5, PMMA1 and PMMA5 are almost coincident. This finding is consistent with the close T g values of these three materials.
Conclusions
The structural relaxation studies presented in this work enabled to investigate in detail the effect of crosslinking on the glass transition dynamics of PMMA. The modelling of the DSC scans by means of the SC model allowed to accede to a series of parameters characteristic of each sample and to calculate the relaxation times of the structural relaxation process from the experimental results obtained after different thermal histories. Based on the modelling results it was suggested the presence of crosslink heterogeneity in these systems.
The increase of crosslinker content from 0.5 to 9 wt% increased the calorimetric glass transition temperature w12 8C, decreased the heat capacity increment and Table 2 .
promoted a significant broadening of the glass transition of the PMMA networks. For all the networks and from the enthalpy loss calculations between the aged and unaged states it was possible to estimate a temperature interval in which the conformational rearrangements take place in the glassy state at a significant rate. This temperature interval increases as the crosslinking degree increases. The effect of crosslinking density on the fragility of the PMMA networks was studied. The high values of the fragility index m obtained for these systems (between 71 and 110) indicated that they are kinetically fragile systems. Moreover, it was found that m increases with increasing crosslinking degree.
